Variations in load and generation profiles cause overvoltages leading to equipment insulation failure and undervoltages, which impact voltage stability margin. Voltage and reactive power control aims to keep the voltage profiles within desired limits and reduce power losses. In this paper multi-agent system based on Java technology and adaptive fuzzy logics algorithms are implemented to control voltage and reactive power. Agents communicate with each other using Foundation for Intelligent Physical Agents (FIPA) to be able to achieve their objectives. A fuzzy agent controls the voltage at the busbars. Multi-agent systems make it possible to do three hierarchal voltage control in distribution systems.
Introduction
"We cannot solve problems by using the same kind of thinking we used when we created them." (Albert Einstein). This was supported by the illustration for a need of different voltage control methods after major power system blackouts throughout the world in 2003. Furthermore, the distribution network is becoming populated with DGs and thus changing the character from uni-directional to bi-directional flow. The voltage and reactive power equipment are operated with the assumption that the voltage decreases along the feeder. Distributed generators alter the feeder voltage profiles and this will affect the way voltage is controlled in distribution systems [1] .This brings a need for new control methods. In conventional distribution systems, voltage and reactive power control is normally done by on-load tap changers (OLTC) and switched shunt capacitors. OLTC keep the substation secondary bus voltage constant by adjusting the tap position. The switched shunt capacitor is used to compensate the reactive power demand and thereby decrease the voltage drop. The problem with the conventional methods is that power losses may not be minimized. DGs are not involved in voltage control although they are faster in operation than the OLTC and mechanically switched shunt capacitors. If DGs are involved in the voltage control, the voltage control will be similar to the transmission's one where it is deployed in three hierarchical levels [2] . SVCs which use local control method have been used for voltage control previously. The disadvantage of this method for voltage control is that the control performance of SVC degrades after great changes in power network configuration. Traditional voltage control methods like decreasing of OLTC set point voltage, altering the capacitor control or limiting the DG size according to the worst case scenario are all local control methods which will not be capable of fast voltage regulation in a decentralized generation scenario. The effect of the DGs to increase voltage at their terminals can be harnessed to contribute to voltage control. In using the DG in coordinated voltage control, three level hierarchical level of control can be used in distribution systems. Primary control will be performed by DGs, secondary control by locally operated OLTCs and switched capacitors and the tertiary control by remotely adjusting DG, OLTC and substation capacitors. To ensure that fast reactive power reserves near the bus where voltage collapse occurs because of a large disturbance, the multi-agent technology can be applied to Secondary Voltage Control (SVC) of the power system. The primary voltage controllers and the SVCs will be represented as a set of executive agents and co-ordination agent working either independently or co-ordinated to control the system wide voltage level. The objective of the paper is to minimize voltage deviations from the given reference values in buses. This is achieved by designing a fast and coordinated voltage and reactive power control system with three level hierarchical structure which is decentralized and applies the fuzzy agent for controlling the voltage and reactive power. The proposed fuzzy algorithm is used to find the setting of tap positions of tap changing transformers to optimize the voltage profile. The article is structured as follows: Section 2 provides an overview of the multi-agent system; in Section 3 Fuzzy Agent is discussed; Section 4 discusses the voltage control algorithm. Section 5 discusses simulations and results. The paper is concluded in Section 6.
Multi-Agent System (MAS)
The main element of an MAS system is the agent. The agent is either a physical entity which can be a microsource or a controllable load, or a virtual entity, which is a piece of software that coordinates the agents. An agent is capable of changing its environment. They communicate with each other and this is part of their capability of acting in the environment [3] . An agent has certain behaviour and tends to certify certain objectives using its resources. The following agents are used according to their objectives. Agent Management System (AMS), Busbar Agents (BUS), Fuzzy Agent and Execution Agent (EA). Foundation for Intelligent Physical Agents (FIPA) is used as a communication language between agents. A web service written in Microsoft.Net framework with C++ and running on Microsoft Internal Information services (ITS). It is used to interface MAS and simulation software Java Agent Development (JADE) is used as a platform for developing agents and implementing communication in the system [4] . The multi-agent system architecture and the division of responsibilities between the individual agents, has been built on the work in [5] . An MAS in a hierarchical way shown in Figure 1 is designed with a Busbar Agent located at each bus. A BUS agent is responsible for measuring the voltage at each busbar. The control agent reads the voltage measurements from the BUS agent. It further calculates the voltage deviation and determines if it is within the required limitations. If there is no violation of the limits, no action is taken. In the event of any violation, the CA determines which action needs to be taken to bring the voltage within the required value. The instructions are sent to the EA which ensures that the voltage controlling equipment executes the given instructions. Fig. 1 . The layered structure of the multi-agent system and the control with the data flow between them.
Fuzzy Logics
The learning algorithms used are developed through a fuzzy agent which is based on the fuzzy logics controller concept. The objective function and constraints are formulated in terms of fuzzy sets. The objective is to keep the voltage profile between 0.95 and 1.05 p.u. If the voltage is outside these limits the fuzzy agent issues instructions for the voltage control equipment to rectify the voltage. In cases where the voltage profile is normal, the MAS optimizes the voltage deviation from the selected reference value.
Fuzzy logics make it possible to develop an adaptive and intelligent control system [7] for controlling and monitoring voltage on the secondary side of the transformer. This control is done centrally by the fuzzy agent instead of having a fuzzy logic controller at each busbar. The Mamdani type inference system with the centroid method for deffuzzification is applied. The fuzzy agent operation is shown below using the Matlab fuzzy logic in An example of rule number four is shown in figure 6 . In this case, the magnitude of the voltage deviation is high; meaning that it is higher than the desired 0.05. The voltage at the busbar is higher than the reference voltage thereby resulting in the deviation sign being negative. The OLTC therefore has to tap down to bring the voltage deviation within the required value. 
Voltage Control
In the voltage control method, the DGs perform the primary voltage control by keeping its terminal voltage equal to the DG reference voltage. The secondary voltage is performed by the capacitor and the OLTC. Tertiary control is performed by developing a short term operational planning, in order to remotely adjust the DG, OLTC and substation capacitors, based on a specification.
The secondary voltage control is the most import in hierarchical voltage control system, for dynamic performance improvement of the power system. Its aim is to realize reactive power production-consumptionbalance. Fast and effective reactive power support is needed for a faulted bus from reactive power reserves. The SVC and the CSVC do not obtain satisfactory results in this regard. To overcome the shortcomings of the conventional SVC system, the multi-agent technology can be applied to the SVC. Voltage and reactive power equipment in distribution systems are mostly operated based on an assumption that the voltage decreases along the feeder. The voltage drop along the feeder with a DG generating active and reactive power can be approximated as [1] :
The objective of the voltage and reactive power control is to minimize deviations of voltages from given reference values in some buses. The presence of DGs controlling the voltage, the number of OLTC operations and voltage fluctuations decreases resulting in the reduction of voltage fluctuations. These objectives can be formulated as follows [4] : The MAS will focus on keeping a generator's voltages at reference values or keeping reactive power reserves available. ∆Vmin = minimum deviation between two buses. and ∆Vmax= maximum deviation between two buses. In this study, the CA will be DGs and they will be used to control the voltage magnitude and reactive power reserves. As mentioned before, these intelligent servicing agents can learn and be controlled to provide better and faster performance during power system disturbances.
Simulations
The power system is simulated in MATLAB. For linking MATLAB to JADE, a web service is written in Microsoft.Net framework with the C++ programming language and is run on Microsoft Internet Information Services (IIS). Two main methods ('Get Status' and 'Set Status') are implemented for reading status from the power system and setting control actions to it by using the Contract Net Protocol (CNP) and the Web Services Description Language (WSDL). Macsim can provide applications running on disparate operating systems and development platforms to communicate with each other. MATLAB also can act as a Macsim client by sending requests to a server and handling the responses.
To illustrate the performance and support the feasibility of the proposed control scheme in practical power systems, a case study based on a 25kV distribution power system with a 9-MW wind farm consisting of six 1.5 MW wind turbines shown in Figure 7 is used. The wind farm supplies power to a 60Hz 120-kV grid through a 30-km, 25-kV feeder. A 2300V, 2-MVA plant consisting of a motor load (1.68 MW induction motor at 0.93 PF) and of a 200-kW resistive load is connected on the same feeder at bus B25. The wind turbine and the motor load have a protection system monitoring voltage, current and machine speed. The DC link voltage of the DFIG is also monitored. A single phase-to-ground fault is applied on the 25-kV line at B25 bus. Figure 8 shows the results of the operation of the power system for a period of 50s without any control applied to it. The impact of a voltage sag resulting from a remote fault on the 120-kV system at t =5s is shown in Figure 8 . A voltage drop lasting 0.5 s occurs at t = 5 s. Fig. 8 . Results of the operation of the power system for 50s with controls.
On B120 bus the MAS system keeps the plant voltage above the 0.9 p.u. protection threshold during the voltage sag.
Conclusion
Voltage and reactive power control algorithm is developed using Multi-Agent System and Fuzzy logics. The power system is simulated in MATLAB. Java Agent Development (JADE) is used as a platform for developing agents and implementing communication in the system. For linking MATLAB to JADE, a web service is written in Microsoft.Net framework with the C++ programming language and is run on Microsoft Internet Information Services (IIS). Foundation for Intelligent Physical Agents (FIPA) is used as a communication language between agents. Simulations are done in Matlab on the 25kV distribution power system with a 9-MW wind farm consisting of six 1.5 MW wind turbines supplying power to a 60Hz 120-kV grid through a 30-km, 25-kV feeder.
